Background: Previous studies demonstrated that early blindness is associated with abnormal intrinsic functional connectivity (FC) between the primary visual cortex (V1) and other sensory areas. However, the V1 pattern of spontaneous neural activity occurring in late blindness (LB) remains unknown. The purpose of this study was to investigate the intrinsic FC patterns of V1 in LB. Meanwhile, LB individuals showed a decreased FC between the left V1 and the right V1 and increased FC between the left V1 and the right superior colliculus, the right V1, and the left hippocampus (P,0.05). Moreover, a positive correlation was observed between the onset age of blindness and FC values in V1 to CUN/LGG/CAL in LB. Conclusion: Our results highlighted that LB induces a decreased FC between V1 and higher visual areas, motor cortices, and somatosensory cortices at rest. This might indicate that LB humans could present with impaired top-down modulations, visual imagery, and vision-motor function.
Introduction
Visual deprivation leads to cross-modal plasticity in the primary visual cortex (V1) of the human brain. Visual experience plays a major role in promoting the development of visual cortex during the critical development periods. [1] [2] [3] In early blindness (EB) individuals, visual deprivation leads to functional and structural architecture changes in the visual cortex. The visual cortex of EB adults shows a shift of visual information to nonvisual stimuli, including auditory perception, 4 tactile perception, 5 and language perception. 6 Meanwhile, increased energy metabolism and neural activities have been observed in EB individuals. 7, 8 Moreover, EB has been associated with structural modification in the visual cortex due to visual deprivation before critical development periods. Indeed, thicker cortical thickness in visual cortices has been shown in EB submit your manuscript | www.dovepress.com
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Wen et al adults compared with SCs. 9 Previous neuroimaging studies have revealed decreased gray matter volume in the visual pathway and the visual cortex in EB individuals. 10, 11 Furthermore, visual deprivation before and after sensitive periods of visual form showed different functional connectivity (FC) patterns within the occipital cortex. 12, 13 Another study reported that EB participants showed more brain functional reorganization than late blindness (LB) individuals.
14 Altered FC between V1 and other nonvisual cortices also occurred in EB individuals. 15 All the above mentioned studies have focused on the alterations of functional and structural architecture in the visual cortex in EB individuals. However, the pattern of spontaneous neural activity changes in V1 in LB remains unknown.
Retinitis pigmentosa (RP) patients provide a unique model to address this issue. Indeed, RP is a hereditary retinal disease characterized by a progressive visual loss. The worldwide prevalence of RP is about 1 in 4,000 16 and RP begins mainly during adulthood. 17 The peripheral visual loss in RP is due to the progressive degeneration of rod photoreceptor cells, followed by the degeneration of cone photoreceptor cells, which eventually ends up in blindness. In this study, we selected RP patients who have suffered from vision loss in their adulthood. These RP patients thus had visual deprivation after critical development periods in visual formation.
The human brain shows blood oxygenation leveldependent (BOLD) signals at rest, which are closely linked to the spontaneous neural activity. Resting-state magnetic resonance imaging (MRI) based on BOLD signals has been successfully applied to investigate the alterations in spontaneous neural activity. [18] [19] [20] Resting-state function connectivity (RSFC) is a method that calculates the temporal coherence of the BOLD signals between distant brain regions. 21 Therefore, the RSFC method is an effective tool to investigate the neural activity connections between separated brain areas. Moreover, FC is based on a region of interest (ROI), which allows researchers to target a prior brain region before calculating its temporal coherence with other brain regions. Increased FC between the primary somatosensory cortex and the visual area has been shown in EB adults using a positron emission tomography (PET) method. 22 Yu et al demonstrated that EB individuals showed a decreased FC between V1 and the sensorimotor and auditory cortices. 23 Another study reported that decreased FC between visual and other sensory cortices was observed in EB. 24 However, the effect of visual deprivation after critical development periods on the spontaneous neural activity in V1 remains largely unknown.
Consequently, the purpose of this study was to determine whether spontaneous neural activity changes in V1 occurred in LB individuals. Moreover, we examined the strength of FC between V1 and some vision-related subcortical nuclei, such as lateral geniculate nucleus (LGN), superior colliculus, and hippocampus (Hipp) between two groups. We hypothesized that LB showed a different FC pattern between V1 and other brain regions relative to EB. These results may provide some useful information for the understanding of the underlying reorganization of V1 occurring in LB individuals.
Materials and methods Participants
In total, 30 right-handed LB individuals due to RP (18 males and 12 females; mean age: 38.76±14.43 years) and 30 righthanded sighted controls (SCs) (18 males and 12 females; mean age: 38.67±13.85 years) participated in the study. The research protocol followed the Declaration of Helsinki and was approved by the medical ethics committee of the Renmin Hospital of Wuhan University. All subjects were given an informed written consent form for agreement to participant in this study.
All subjects met the following criteria: 1) no contraindications for MRI scanning (eg, no cardiac pacemaker or implanted metal devices, and so on); 2) no claustrophobia; 3) no heart disease, hypertension, and cerebral diseases. (The high resolution T1-weighted imaging of all subjects was checked by an experienced radiologist.)
All LB individuals met the following criteria: 1) onset age of blindness .12 years; 2) no experience of vision after visual deprivation; 3) no ocular surgical history.
All SCs participants met the following criteria: 1) no ocular diseases (myopia, cataracts, glaucoma, optic neuritis, retinal degeneration, etc); 2) binocular visual acuity $1.0; 3) no ocular surgical history; 4) no mental disorders.
Mri parameters
MRI scanning was performed on a 3-T MR scanner (Discovery MR750W system; GE Healthcare Bio-Sciences Corporation, Piscataway, NJ, USA) with eight-channel head coil. Whole-brain T1-weights were obtained with magnetization prepared gradient echo image (MPRAGE) with these parameters: (repetition time/echo time =8.5/3.3, thickness =1.0 mm, no intersection gap, acquisition matrix =256×256, field of view =240×240 mm 2 , flip angle =12°). Functional images were obtained by using gradient echoplanar imaging sequence with the following parameters (repetition time =2,000 ms, echo time =25 ms, thickness =3.0 mm, 25 which is based on Statistical Parametric Mapping (SPM8; http://www.fil.ion.ucl.ac.uk/spm) implemented in MATLAB 2013a (MathWorks, Natick, MA, USA) including briefly the following steps. 1) The first 10 volumes of each subject were discarded due to the signal reaching equilibrium.
2) The remaining 230 volumes of functional BOLD images were corrected for slice timing effects, motion corrected, and realigned. Data from subjects whose head motion was .2 mm or for whom rotation exceeded 2° during scanning were excluded. 3) Individual T1-weighted MPRAGE structural images were registered to the mean fMRI data, and then the resulting aligned T1-weighted images were segmented using the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra toolbox for improved spatial precision in the normalization of fMRI data. 26 Normalized data (in Montreal Neurological Institute 152 space) were re-sliced at a resolution of 3×3×3 mm 3 . 4) Smoothing was performed with a 6 mm full-width-halfmaximum Gaussian kernel. 5) Data with linear trend were removed, and temporal band-pass was filtered (0.01-0.1 Hz). 6) Linear regression analysis was used to regress out several covariates (six head motion parameters, mean frame-wise displacement, global brain signal, and averaged signal from white matter signal and cerebrospinal fluid). 7) We regressed out the global signal to obtain the whole brain FC index. 27 
Definition of ROI in LGN, SC, and Hipp
The ROI in bilateral V1, bilateral LGN, bilateral SC, and bilateral Hipp were selected according to previous studies, 23, [28] [29] [30] left V1(x=-8, y=-76, z=10) and right V1 (x=7, y=-76, z=10) and left LGN (x=-18, y=-32, z=0) and right LGN (x=22, y=-30, z=-2) and left SC (x=-2, y=-28, z=-6) and right SC (x=2, y=-26, z=-6) and left Hipp (x=-24, y=-3, z=-2) and right Hipp (x=24, y=-3, z=-2) ( Table 1 ). For FC in V1 analysis, correlation analysis of time course was performed between the spherical seed region and each voxel of the whole brain for each subject using REST software (http://www.resting-fmri.Sourceforge. net). 31 Then, all FC maps were z-transformed with Fisher's r-to-z transformation to reduce the influence of individual variations for group statistical comparisons. For FC between V1 and vision-related subcortical nuclei analysis, Pearson's correlation coefficients between the mean time series of each pairwise V1 and vision-related nuclei were computed and converted to z-values using Fisher's r-to-z transformation for group statistical comparisons.
Ophthalmic testing
For visual acuity testing, the visual acuity of all participants was measured by applying the logarithm of minimum angle of resolution table. Then, we checked the blind eyes with a flashlight to make sure they have no sensation of light. (All participants in this study were examined by two experienced ophthalmologists.)
statistical analysis
One-sample t-test was conducted to assess intragroup patterns of z-values functional connectivity (zFC) maps using SPM8 software (voxel-level: P,0.001, Gaussian random field [GRF] correction). Two-sample t-test was used to compare two group differences in the zFC maps and in the pairs of zFC maps between V1 and vision-related nuclei using the GRF method which was used to correct for multiple comparisons and regressed covariates of age and sex using the SPM 8 software (two-tailed, voxel-level: P,0.01, GRF correction, cluster-level: P,0.05).
Pearson correlation coefficient was used to assess the relationships between the zFC values of different brain regions and behavioral data in LB using SPSS version 20.0 software (IBM Corporation, Armonk, NY, USA). 
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Results
Demographics measurements
The demographics measurements of the LB group included parameters such as gender, age, preferred hand, onset age, onset age of blindness, and cause of blindness. Details are provided in Table 2 .
Fc differences in rOi in V1 
Fc differences between V1 and visionrelated nuclei
Compared with SCs, LB individuals showed decreased FC between the left V1 and the right V1 and increased FC between the left V1 and the right superior colliculus, the right V1, and the left Hipp (P,0.05) ( Figure 3 and Table 4 ).
receiver operating characteristic (rOc) curve
The mean FC values of the different brain regions were analyzed by the ROC curves. The areas under the curves for FC values were as follows: ROC curve in zFC in left V1: LB , SCs, for bilateral CUN/LGG/CAL 0.838 
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correlation analysis
In the LB group, a positive correlation was observed between the onset age of blindness and FC values in the left V1 (r=0.545, P=0.002; Figure 5A ) and the right V1 (r=0.543, P=0.002) in LB ( Figure 5B ).
Discussion
To the best of our knowledge, the RSFC method used in this study provides a novel tool to assess correlation coefficients of BOLD signal time course between different brain regions. 
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Wen et al It is well known that the visual pathway consists of a ventral stream and a dorsal stream, which are the main routes for the processing of visual information. The ventral stream pathway originates from V1, goes through V2 and V4, and projects to the inferior temporal cortex, where identification of objects takes place. The dorsal stream starts from V1, goes through V2, V6, and V5, and finally projects to the posterior parietal cortex, which plays an important role in spatial information. 32 Visual signals are processed in visual stream, following top-down modulations through feedback connections. The feedback connection between these visual areas contributes to the comprehension of the visual scene, visual attention, and visual recall. 33, 34 A previous study provided evidence that V1 was closely associated with higher visual cortices related to visual imagery function in normal sighted individuals. 35 Neuroimaging studies have demonstrated that mental image function is involved in V1 and higher visual cortices activation. 36, 37 The degeneration of the visual pathway and the visual cortex is subsequent to visual deprivation in late life. A previous diffusion tensor imaging study revealed that reduced fractional anisotropy in optic radiations is observed in LB compared with normal sighted individuals. 38 Meanwhile, another study reported that late-blinded individuals induced by RP exhibited lower gray matter volume in the visual cortices. 39 Abnormal structural changes in visual cortices may be related to the spontaneous neural activity in the visual area. Alternatively, Qin et al demonstrated that LB showed a decreased FC density in V1.
14 Consistent with these findings, we observed decreased FC between the bilateral V1 and the bilateral CUN/LGG/CAL (BA 18/19/30) in LB individuals, indicating a disconnection in the visual network. Furthermore, a positive correlation was observed between the onset age of blindness and FC values between bilateral V1 and BA 18/19/30 in LB individuals, indicating that the duration of blindness is closely related to the FC within the visual network. Thus, we speculate that visual deprivation after critical development periods induces impairment of top-down modulations, visual imagery function, and visual attention.
PreCG is the location of the primary motor cortex, which plays an important role in motor control, especially in movement control. In normal sighted subjects, the coordination of visual and motor cortices is involved in a variety of tasks implying vision-motor function. Vision-motor function is critical in the integration of visual perception and motor skills. 40, 41 A previous study revealed that visual and motor cortices were associated with similar activation during a visual tracking task. 42 Meanwhile, PreCG showed a significant positive correlation with V1 without any task stimulation. 35 Thus, there is a robust correlation between the visual and motor cortices in normal sighted subjects. A previous fMRI study reported a significant decreased FC between V1 and the motor cortices in EB. 23 In support of these study findings, the reduced visual input in LB may also contribute to the decreased FC between the bilateral V1 and the left PreCG. Decreased FC between the bilateral V1 and the left PreCG was observed in our study, which might be due to the right-handed subjects in our study. Moreover, crossmodal plasticity occurs in visual cortices in blind subjects. 43 Since the visual cortex is involved in the motor function of LB individuals, we speculated that the reduced visual input and cross-modal plasticity might contribute to the decreased FC between motor cortices and V1. 
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PostCG is the site of the primary somatosensory cortex, which is involved in multiple sensory perceptions. PostCG is also responsible for the touch and pain sense. 44, 45 Previous studies have demonstrated that the visual cortex and PostCG showed robust correlation in SCs, which involved in combining processing of spatial visual and somatosensory information. 35, 46 In our study, our results revealed a significantly reduced FC between V1 and left somatosensory cortices in LB individuals compared to SCs. For one reason, the reduced visual input might lead to decreased FC between the V1 and somatosensory cortices in LB individuals. For another reason, the phenomenon might reflect the cross-modal plasticity in V1. In blind humans, tactile stimuli activate the visual cortex through the somatosensory cortex. 47 Indeed, Braille reading leads to the activation of the visual cortex in blind individuals. 48 Sadato et al found that the blind individuals had visual cortex activation during tactile tasks, whereas SC showed deactivation using the PET method. 5 The visual cortex might be activated by other sensory modalities. Ptito M et al demonstrated that visual deprivation from an early age could lead to the visual cortex being recruited to a role in somatosensory processing. 49 Thus, we speculated that the visual cortex shows a shift of visual information to somatosensory processing. These changes might lead to alterations of intrinsic connectivity between the visual cortices and somatosensory cortices in blind humans. A previous study also reported decreased FC between the V1 and somatosensory cortices in EB individuals. 23 Combined with these points, we concluded that the reduced visual input and visual cortices representations of sensory modalities might contribute to the decreased FC between somatosensory cortices and V1. Decreased FC between the bilateral V1 and the left PostCG was observed in our study, which might be due to the righthanded subjects.
Furthermore, decreased FC between the left V1 and the right V1 was observed in LB groups relative to SCs groups. Hou et al demonstrated decreased interhemispheric FC in V1 in EB individuals. 50 Another study reported that monocular blindness was associated with decreased interhemispheric FC in V1. 51 Consistent with these studies, we found that LB groups showed a significant decreased interhemispheric FC in V1, indicating abnormal interhemispheric coordination in V1. Interestingly, increased FC between the left V1 and the right superior colliculus was observed in LB groups relative to SCs groups. Superior colliculus plays an important role in visual spatial attention. 52 The increased FC between V1 and superior colliculus might reflect the reorganization of visual spatial attention in LB individuals.
Conclusion
In summary, our results highlighted that visual deprivation after sensitive development periods induces decreased FC between V1 and higher visual areas, motor cortices, and somatosensory cortices at rest. These results may provide some useful information for the understanding of the underlying reorganization of V1 occurring in LB individuals. Our findings indicate that LB adults might present with abnormal top-down modulations, visual imagery, and vision-motor function.
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